Abstract Temporal and spatial changes of ten conifer genera that are endemic to East Asia were analyzed based on fossil data from humid temperate forests in the Japanese Islands and Korean Peninsula to elucidate the phytogeographic history, and to understand differences between those genera eliminated from the Japanese Islands and those that remained extant. All these genera, except for Thujopsis, have existed in the area since the Paleogene and remained in the Japanese islands after initial separation from the continent at the early-middle Miocene. Fossil representatives of locally extinct six genera have tendencies to adapt to wider ranges of climatic conditions than their modern relatives. Metasequoia, Glyptostrobus, and Taiwania began to change their distributions since the late Miocene possibly through habitat partitioning. Keteleeria, Pseudolarix, and Cunninghamia appeared to have expanded their habitat toward warmer conditions during the mid-Miocene Climatic Optimum and then became restricted to warmer forest vegetation by the end of Pliocene. Overall changes in their distribution can be explained by climatic effects. On the contrary, three genera endemic to Japan (Sciadopitys, Cryptomeria, and Thujopsis) followed clearly different trends from the others. Cryptomeria and Thujopsis were especially adapted to cooler-temperate climate and they retained their habitat areas in the northern part of Japan. During the late Miocene-Pliocene, the islands connected with the Eurasian continent again, which probably acted as a corridor for warm-adapted genera to disperse southwest. Current data suggest that ecological requirements of each genus might be essential to determine whether they could survive on the Japanese Islands.
Introduction
East Asia is one of the diversity hotspots of plants, with a number of "Paleoendemic" and "Neoendemic" elements (Mittermeier et al., 2005) . Most of the paleoendemic elements in East Asia are those formerly distributed across much wider areas in the Northern Hemisphere, but their distribution areas shrunk to the current habitat area through local and regional elimination by several different processes (e.g., Ferguson et al., 1997) . Understanding the precise history of their phytogeography and the causes of their elimination are important issues not only for understanding the causes of current diversity of the area, but also for their future conservation in an anthropogenic age.
Recent studies clearly revealed that the elimination vs. survival of these paleoendemic elements are phenomena that occurred during the later Cenozoic (e.g., Momohara, 2016) . The Japanese Islands are one of the ideal places to trace these phenomena because many of the paleoendemic elements in East Asia have been recorded here as fossils (Miki, 1948) . Further, they are mostly restricted in and around the Japanese Islands after the Miocene time (e.g., LePage et al., 2005; LePage, 2007) . This is related to the fact that the entirety of the Japanese Islands has experienced humid conditions at least throughout the mid-Paleogene-Neogene like Taiwan Island and part of the continental China (Huang et al., 2015) . Furthermore, the Japanese islands have been connected intermittently with the Eurasian continent since their initial separation from the continent at the early-middle Miocene. Therefore, it may have been a refuge for some elements which dispersed again during a later period of time (LePage et al., 2005; Fig. 1) .
One of the advantages of these areas over others is that most of the Paleogene and Neogene deposits are intercalated with marine deposits with key microfossils or tuffaceous deposits that are available for radiometric studies providing a good chronology. In this study, we evaluated fossil records of ten conifer genera that are endemic to East Asia: Sciadopitys Siebold & Zucc. (Sciadopityaceae); Keteleeria Carri ere, Pseudolarix Gordon (Pinaceae); Cunninghamia R.Br., Metasequoia Hu & W.C. Cheng, Glyptostrobus Endl., Cryptomeria D. Don, Taiwania Hayata, Thujopsis Siebold & Zucc. (Cupressaceae), and Cephalotaxus Siebold & Zucc. ex Endl. (Cephalotaxaceae). Geological ranges of their occurrence, as well as their distribution, were examined to illustrate the presence or absence of ecological changes in terms of climate and topography during the late Paleogene-Neogene. The differences in those trends observed in both extant and locally extinct genera and their inferences are discussed.
The Miocene-Pliocene was a critical time period for elimination of "Tertiary elements"; however, we also examined the Oligocene records to elucidate the effects of the formation of the Sea of Japan. Middle Miocene and earlier deposits are sporadically developed in the Korean Peninsula. Thus, we compiled the fossil data both from the Korean Peninsula and Japan before the mid-Miocene, while we only compiled those from the Japanese Islands afterwards. Noda & Goto (2004) with slight modifications. A, Oligocene (adapted to paleogeographic map for 26-30 Ma). The forest boundary was marked for late Oligocene. B, early-middle Miocene (adapted to paleogeographic map for 16.5 Ma). C, late Miocene (adapted to paleogeographic map for 10 Ma). D, late Pliocene (adapted to paleogeographic map for 2.5 Ma). The boundaries between forest types follow those marked by Tanai (1992) for A-C, and Momohara (2005) for D. MNHF, Mixed Northern Hardwood Forest; MBECF, Mixed Broad-leaved Evergreen and Coniferous Forest; MBDF, Mixed Broad-leaved Deciduous Forest; MMF, Mixed Mesophytic Forest.
Material and Methods
Macrofossil data for ten genera from the Japanese Islands and Korean Peninsula were compiled based on published literature with illustrations to confirm generic identifications. Several museum specimens also were observed and added. Geologic ages for those specimens were revised as far as possible based on the latest geological studies. All these data were assembled for each geological stage to show the changes in the number of fossil records and their distribution throughout the Oligocene-Neogene ( Fig. 2 ; Data S1, S2).
For the examination of fossil specimens, we consulted the following collections: National Museum of Nature and Science, Tokyo (NSM PP), Geological Museum of the Geological Survey of Japan, AIST (GSJ F), Mining Museum of Akita University (AKMG), Tohoku University Museum (IGPS), Kumamoto Prefectural Museum Network Center (KMSP), and Fukui Prefectural Dinosaur Museum (FPDM-P).
Subdivision of forest vegetation followed Wolfe (1979) , who provided criteria for distinguishing vegetation types under humid to mesic conditions in East Asia (Fig. 3) . Accordingly, we divided temperate climates into three: cooltemperate is used for Mixed Northern-Hardwood forest (MNHF); middle-temperate for Mixed Broad-leaved Evergreen and Coniferous, Mixed-Mesophytic, and Mixed Broadleaved Deciduous forests (MBECF, MMF, and MBDF); warmtemperate for Notophyllous Broad-leaved Evergreen and Mixed Broad-leaved Evergreen and Deciduous forests (NBEF&MBEDF).
Results
3.1 Overview of floral succession and topographic changes during the Oligocene-Neogene in the Japanese Islands and the Korean Peninsula 3.1.1 Oligocene The Oligocene was the time prior to the formation of the Sea of Japan, and Japan was connected with the Eurasian continent (Fig. 1A) . Climatically speaking, the Oligocene was a cool episode after the 'Terminal Eocene Event' (Wolfe, 1992) . Warm elements that prevailed in subtropical to warm-temperate Eocene forest vegetation were eliminated and temperate deciduous elements diversified. More importantly, the constituents of the Oligocene assemblages were highly modernized as many of the extant temperate genera appeared during the mid-Eocene-Oligocene climate deteriorations.
Oligocene sediments distributed in the coastal lowland are distributed in northern Kyushu in Japan, and those deposited in small inland basins in the former Eurasian continent are now distributed in Honshu and Hokkaido of Japan and northeast of Korean Peninsula (Fig. 1A) .
Three forest types existed in and around Japan during the early Rupelian. Forest vegetation at higher latitudes are composed exclusively of deciduous broad-leaved genera that are comparable with MNHF. This forest type is comprised of deciduous species belonging to the families Fagaceae, Betulaceae, Ulmaceae, Salicaceae, Juglandaceae, Nyssaceae, Sapindaceae, Hamamelidaceae, and Rosaceae and rarely contain evergreen angiosperms. On the other hand, those in the southern part are comprised of more diverse elements consisting of evergreen and deciduous angiosperms and Fig. 2 . Occurrence of Asian endemic conifer genera in the Japanese Islands and Korean Peninsula during the OligoceneNeogene. For detail on localities and age, see Data S1, S2. Geologic time scale was based on Cohen et al. (2013, updated) . F.O.: first occurrence, Ã : genera native in the Japanese Islands.
conifers. It often contains palms and musa species. The forest vegetation of these assemblages is comparable to MMF. Further, the more southerly forest in northern Kyushu is more dominated by evergreen species, which was compared to NBEF (Tanai, 1992) . Some of these early Rupelian assemblages typically contain lobed-dentate oaks and some other archaic elements like Palaeocarya (Juglandaceae). Most cupressaceous conifers (except for Cryptomeria and Thujopsis) are common to the Eocene floras, while most pinaceous conifers appeared for the first time at this interval at middle latitudes. The late Rupelian-Chattian assemblages are only known in northern Kyushu and western-end of Honshu. They are characterized by modernized aspects. The late Rupelian floras are composed exclusively of deciduous temperate angiosperms and deciduous and evergreen conifers. The forest type of this assemblage is MNHF. Chattian assemblages also represent a temperate forest dominated by deciduous genera, but with few evergreens, indicating the climate warming at this stage. Forest vegetation inferred from the Noda (Tanai & Uemura, 1991a , 1991b Uemura et al., 1999) and Daibo (Huzioka, 1974) floras are MMF.
Neogene
Most of the Aquitanian floras, known as the Aniai-type floras (Tanai, 1961) , were accumulated in inland sedimentary basins located on the continental side of Japan, and east to northeast of the Korean Peninsula. They mostly represent MNHF, comprised of deciduous woody dicotyledons and conifers. This forest type can be traced toward the north until Sakhalin. These assemblages typically contain conifers indicative of cooler-temperate climate, such as Larix, Picea, Tsuga, as well as Metasequoia and Glyptostrobus.
The Burdigalian-Langhian floras, known as the Daijima-type floras (Tanai, 1961) , mostly accumulated in sedimentary basins located near the coastal lowlands that were developed along newly-formed Sea of Japan and the Pacific Ocean (Fig. 1B) . The Burdigalian-Serravalian was a time of major sea-level rise and much of the Japanese Islands were inundated.
The vegetation of the circum-Japan Sea areas changed gradually from NMHF near the Aquitanian-Burdigalian boundary. Consequently, those from the late Burdigalianearly Langhian are more dominated by various evergreen species and some conifers typical of warmer climate conditions: e.g., Keteleeria, Pseudolarix, Cunninghamia, and Calocedrus. Pollen grains of mangrove plants have been recorded from several localities dated around the Burdigalian-Langhian boundary throughout the Japanese Islands (Yamanoi et al., 1980; Saito et al., 1995; Yamanoi et al., 2008a Yamanoi et al., , 2008b Yamanoi et al., , 2010 . A number of tropical and subtropical faunal elements also have been recorded at this time (Ogasawara, 1994) . After this short warming period, climate changed slightly colder. However, those assemblages from the Serravalian marine deposits in central Honshu indicated warm-temperate conditions (Kawase & Koike, 2004; Uemura, 2004) , while those from the northern Korean Peninsula represented slightly cooler condition, suggesting a floristic differentiation between the Eurasian continents and the Japanese Islands (Pavlyutkin et al., 2016) .
Latitudinal differences of vegetation composition in the Japanese Islands were comparatively small during the late Burdigalian-Langhian stages, but a significant gap exists at paleo-latitudes around 40 degrees (Fig. 1B) . The northern forest is represented by MBECF and MBDF, while the southern forest is comparable to NBEF (Tanai & Uemura, 1988; Tanai, 1991) . Fossil assemblages in the inland sedimentary basins in southwest Honshu are enriched by deciduous temperate elements (Uemura, 2000) .
The Tortonian-Messinian stages were the time when the mountain-building orogeny had been started due to the changes in stress fields in northeast (from ca. 12 Ma) and southwest Japan (from ca. 8 Ma) (Barnes, 2008) . The southwestern part of the Japanese Islands is considered to have been connected with the Eurasian continent since ca. 15 Ma (Fig. 1C) .
The early Tortonian fossil assemblages clearly indicate that warm-temperate climate prevailed at least in Honshu. During the late-Tortonian-early Messinian stages, floral compositions between the sedimentary basins in the mountains and those in the lowlands became different from each other (Uemura, 1988) . The former comprises deciduous broad-leaved angiosperms and conifers, especially dominated by beech species, which is comparable with MNHF. This type of assemblage is rarely known in inland caldera deposits in western Honshu (Hoki flora: Tanai & Onoe, 1961) , but common in northeast Honshu and Hokkaido. The lowland forests comprise several evergreens admixed with various deciduous angiosperms. This type of vegetation, comparable to MMF, was distributed toward central and western Honshu.
The topography of the Japanese Islands during the Pliocene follows previous trends, where the coastal plain expanded in the eastern and western regions of central and southwest Honshu, and Kyushu (Momohara, 2005;  (Wolfe, 1979 
Fossil history of Asian endemic conifers in Japan
Distribution of forest vegetation is also similar to the previous stage and MNHF covered Hokkaido, while the more southerly islands were covered by MMF (Momohara, 2005 ; Fig. 1D ). Climatic warming has been suggested during the early Pliocene based on the abundance of Cathaya pollen grains in northeast Honshu (Takeuti, 1974; Liu & Basinger, 2000) and northern central Honshu (Saito et al., 2000) . The genus is currently a constituent of warm-temperate forest vegetation in Southeast China (Farjon, 1990) and is considered as a sensitive tool for inferring climate conditions (Saito et al., 2000) . A continuous reduction of "Tertiary relicts" has been recognized at this stage (Saito, 2008) ; some of them tend to disappear earlier in the north and later in the south during the Pliocene-Pleistocene across the Japanese Islands (Momohara, 2016).
It should be noted that all the Oligocene-Neogene fossil assemblages in the Japanese Islands and the OligoceneMiocene ones in the Korean Peninsula indicate consecutively humid climatic conditions from their composition as well as their physiognomic characters (i.e., leaf size class) (Uemura, 1993) . Even after the strengthening of East Asian winter monsoon since the later Miocene (Tada et al., 2016) , higher precipitation was suggested from a paleosol study in the Pacific-side of central Japan (Hatano & Yoshida, 2017) . Paleoclimatic analysis based on CLAMP technique (Wolfe, 1995) for four middle Miocene-Pliocene fossil assemblages in Hokkaido suggested roughly similar values with present annual precipitation and three-consecutive dry/wet monthly precipitations (Narita et al., 2012) .
3.2 Fossil records of Asian endemic conifer genera in the Japanese Islands and Korean Peninsula 3.2.1 Sciadopitys Sciadopitys Siebold & Zucc is a monotypic genus that is currently native in Japan. Modern stands of S. verticillata are distributed disjunctly in central Honshu, Shikoku, and Kyushu Islands, with altitudinal ranges between 300-1500 m. The species is common in humid, middle-to warm-temperate coniferous forests, together with Chamaecyparis obtusa, Tsuga sieboldii, Abies firma, Cryptomeria japonica, and various deciduous and evergreen angiosperms (Hayashi, 1960) .
Sciadopitys is a typical "Tertiary relict element" and has been recorded in the Northern Hemisphere since the late Mesozoic (Florin, 1963) . Although macrofossil records of the genus in Japan are comparatively rare (Uemura, 1986) , pollen grains of the genus are common in the Miocene (Yamanoi, 1978) and Plio-Pleistocene (Yamanoi, 1983) . They are traceable at least as early as the early Oligocene (Fig. 2) , when Japan was connected with the Eurasian continent. Huzioka (1972) described isolated leaves of S. shiragica from the early Oligocene Kogeonweon and Kungshim floras in North Korea. The same species occurs in Wakamatsuzawa Fig. 4H) , Kobe (Hori, 1976) , and several contemporaneous floras in the Russian Far-East (Pavlyutkin & Petrenko, 2010) . The genus has been recorded relatively continuously in the Neogene. An acme of the genus is recognized in the Messinian-Zanclean when representative fossils were distributed from northern Honshu to Kyushu. All of these are associated with typical cool-to warm-temperate fossil assemblages comparable to MNHF and/or MBDF or MBECF, and very rarely with a warm-temperate NBEF.
3.2.2 Keteleeria Keteleeria Carri ere consists of three species. K. davidiana (Bertr.) Beissn., which is the most widely and northerly distributed species, occurring from hills to low mountains throughout much of eastern China and Taiwan Island at elevations between 600-1000 m (Farjon, 1990) . The other two species (K. fortunei Carri ere and K. evelyniana Mast.) are distributed in more southerly areas; the latter occurs in mountains above tropical forests in Southeast Asia (Farjon, 1990 ). This genus is one of the constituents of MMF or NBEF under warm-temperate conditions (Farjon, 1990) .
Fossil representatives of the genus have been recorded since the Eocene (possibly in early Eocene) in North America (Mathewes et al., 2016) . Those in Asia and Europe are relatively young and started in the Oligocene (Manchester et al., 2009 ). Miki (1957) was the first to describe a new fossil species of Keteleeria, K. robusta Miki, alongside with an extant K. davidiana from the late-middle to early-late Miocene "Pinus trifolia bed" (Tsukagoshi, 2011) , based on isolated cones, seeds, leaves, and twigs. Tanai and Suzuki subsequently described K. ezoana Tanai & Suzuki from the late-early Miocene Yoshioka flora, based on isolated cone scale (Tanai & Suzuki, 1963 ). An isolated cone (Ina, 1977) and leaves (Ozaki, 1979) of this species were recorded afterwards. This species has been recorded from a number of localities since the early Oligocene and intermittently toward the end of the Neogene in the circum-Japan Sea area (Figs. 2, 4B, 4D, 4J ). An acme of Keteleeria occurrence is recognized, especially during the midMiocene Climatic Optimum (Burdigalian-Langhian) (Zachos et al., 2001) , when a number of fossil representatives had been recorded from vast of the Japanese Islands and southern Korean Peninsula. Its distribution changed through time and the Pliocene record is restricted only to the southwest. Fossil representatives are mostly associated with warm to middle temperate forest vegetation (NBEF, MBEDF, and MMF), but rarely extend to cool-temperate MNHF.
Pseudolarix Pseudolarix
Gordon is a monotypic genus that is represented by P. amabilis (Nelson) Rehder. The species is restricted to hills and alluvial plains along the lower Yangtze River valley in eastcentral China and occurs in MMF at elevations <1000 m or rarely in the Evergreen Sclerophyllous Broad-leaved forest at elevations <500 m (Farjon, 1990) .
The genus has been known at least since the Early Cretaceous of southern Primorye (Krassilov, 1967) and northeast China . It was one of the constituents of the Siberian-Canadian phytogeographic province (Vakhrameev, 1991) . The genus has expanded its distribution northward during the Late Cretaceous warm period and became a constituent of the broad-leaved deciduous forests of the high northern latitudes via the Beringian Corridor by the early Paleogene (LePage & Basinger, 1995) .
The earliest fossil record during the Cenozoic of the Japanese Islands and Korean Peninsula is Pseudolarix nipponica Kimura & Horiuchi from the Paleocene of northern Honshu, Japan (Kimura & Horiuchi, 1978a) , which was described based on isolated leaves with cuticular features. Isolated cone scales and seeds have also been recorded from various localities in the circum Japan Sea areas, for which Tanai & Onoe (1961) established P. japonica Tanai & Onoe (Figs. 4C, 4E, 4F, 4I, 4K, 4L) . On the other hand, Miki (1957) reported isolated leaves, seeds, cone scales, and brachioblasts from "the Pinus trifolia bed" and assigned them to the extant species. More than 20 records accepted here illustrate that they existed in the Japanese Islands and Korean Peninsula throughout the Oligocene-Neogene.
These fossil representatives are mostly associated with a wide range of forest vegetation developed under warm-to cool-temperate climate (MBEF, MMF, and MNHF). Those from the "Pinus trifolia bed" were assumed to have inhabited on the hills that fringed alluvial plain dominated by NBEF (Momohara & Saito, 2001 ). riparian and alluvial plain vegetation. Modern forest vegetation around them is MMF, which develops under a middletemperate climate condition with ample precipitation (LePage et al., 2005) .
Huge amounts of fossil records have been documented since the early-Late Cretaceous throughout the North American and eastern part of the Eurasian continents, especially in the high arctic areas (LePage et al., 2005) . Even after Eocene-Oligocene climate deteriorations, the genus did not change its distribution significantly in the mid-latitudes of East Asia and North America, although polar forests had disappeared. The pronounced reduction of its distribution was observed during the Miocene, which probably occurred due to increased global aridity. However, the genus persisted in the Japanese Islands until the early Pleistocene (LePage et al., 2005) . Figure 2 clearly shows a continuous fossil record of this genus during the Oligocene-Neogene with an acme of fossil record in Burdigalian and Piacenzian. The genus was also regarded as a major component of riparian vegetation (e.g., Yamakawa et al., 2017) developed under wide range of climatic conditions.
Glyptostrobus
The genus Glyptostrobus Endlicher is a monotypic genus in the family Cupressaceae. The modern species, G. pensilis (Staunton ex D. Don) K. Koch is distributed in Fujian and Guangdong Provinces in Southeast China and northern Vietnam, where modern stands are located near-water conditions in floodplain and delta settings (Farjon, 2005) . The species also was recorded in the uplands as high as 700 m a.s.l. (Farjon, 2005) .
Fossil representatives of this genus are quite abundant like Metasequoia and have been recorded since the early-Early Cretaceous in middle to high latitudes of North America and Eurasia. The genus often occurs in riparian vegetation associated with Metasequoia (Yamakawa et al., 2008 , and it often co-occurred with Taxodium during the Paleogene in the circum-Japan Sea areas. According to LePage (2007) , Glyptostrobus existed well on each continent until the Pliocene under various climate conditions. This is also evident from fossil data from Japan and the Korean Peninsula, where the acme of fossil occurrences is present in late Burdigalian and Zanclean stages (Fig. 2). 3.2.6 Cryptomeria Although there have been arguments about whether Cryptomeria D. Don populations in China are natural or not, it is commonly accepted that the genus is indigenous to Japan (e.g., Farjon, 2005) . The extant C. japonica is naturally distributed on Honshu, Shikoku, and Kyushu islands with additional distribution on smaller islands like Yakushima. It occupies humid, valley forests to slope forests under middleto cool-temperate conditions and often co-occurs with Thujopsis dolabrata, Thuja standisii, Abies firma, Fagus crenata, and Quercus mongolica subsp. crispula (Hayashi, 1960) .
Fossil records of the genus have been documented since the Eocene in East Asia (Manchester et al., 2009 ). In Europe, it has been recorded since the Miocene however it is not documented from North America (Manchester et al., 2009 ). The fossil occurrences of Cryptomeria are mostly restricted to the middle to high latitudes; however, recent discovery from the Oligocene of Yunnan, South China (Ding et al., 2018) suggested that the genus had much wider distribution areas.
The earliest fossil record of Cryptomeria in the Japanese Islands and Korean Peninsula is that from the early-middle Miocene Tatsugoroshi flora in Ibaraki, Central Japan (Uemura et al., 2006;  Fig. 4N ). Those illustrated by Hori (1976) from the Kobe flora were rejected here because of leaf characteristics; however, the presence of this genus during the Paleogene at middle latitudes would be expected from leafy shoots from the lower Oligocene of Rettikhovka with cuticular information (Klimova, 1975; Pimenov, 1990) .
Although not abundant, the genus has been recorded in several localities in the late-middle Miocene of northern Hokkaido and late Miocene-Plio-Pleistocene of northeast and eastern end of central Honshu ( Fig. 2 ; Data S1, S2). Heusser & Morley (1996) reported abundant Cryptomeria pollen grains during the Pliocene, which were collected from three sedimentary cores at the Japan Sea and northwestern Pacific off northern Honshu.
Fossil representatives of the genus are associated with cool to middle-temperate forest vegetation: MNHF and MMF. It rarely occurred from MBEDF in the middle-temperate climate condition.
Taiwania
Taiwania Hayata also is a monotypic genus in the family Cupressaceae. The genus is distributed in the central mountains (Nantou district) of Taiwan Island, southern part of mainland China, NE Myanmar, and small area in northern Vietnam (Farjon, 2005) . In Taiwan Island, it grows in a Mixed Coniferous forest from ca. 1750-2900 m in elevation, where it is co-dominant with Chamaecyparis obtusa var. formosana and C. formosensis.
Fossil representatives of the genus are rare, but widely distributed throughout the Northern Hemisphere since the Cretaceous (LePage, 2009). The earliest fossil record was described from the middle Albian of Alaska (LePage, 2009). Since that time, the genus dispersed toward the East Asia via the Beringian corridor until the Late Cretaceous. One of the earliest fossils presumably related to Taiwania was recorded from the Maastrichtian Omichidani Formation in central Japan (Matsuo, 1970) . Most of the Oligocene-Neogene specimens have been identified as Taiwania japonica Tanai & Onoe (Tanai & Onoe, 1961) , which was originally described from the Onbara flora in northeast of western Honshu.
Paleogene records of the genus are scarce (Matsuo, 1967) , but it did exist in early Oligocene part of the Kobe Group. This also is supported from anatomical studies by Pimenov (1990) , who described fossil leafy shoots of Taiwania from Rettikhovka in the Russian Far-East. The occurrence of this genus became more common in the Neogene period, especially during the late Burdigalian-Langhian and MessinianPiacenzian. Taiwania was distributed widely throughout the Japanese Islands until the early Pliocene (Figs. 4Q, 4R ). However, it probably disappeared from the Kinki area (i.e., east of western Honshu) until the mid-Pliocene (ca. 3.5 Ma: Momohara, 1992; Momohara & Mizuno, 1999) , but disappeared much later in southern Kyushu ( Fig. 4S ; Hase, 1988) .
Fossil representatives have been associated with various forest types, such as NBEF, MBDF and/or MNHF.
Cunninghamia
The genus Cunninghamia R. Br. is comprised of one or two species that are native in continental China, Vietnam, Laos, and Taiwan Island. Cunninghamia lanceolata is considered to be a constituent of MMF, while in Taiwan, C. konishii is distributed in the NBEF and Microphyllous Broad-leaved Evergreen forests and extends into the Mixed Coniferous forest. Most of these forest types are developed in warmer temperate climate conditions. This lineage is comparatively old and has fossil records dating back to the Cretaceous (Serbet et al., 2013) . The earliest fossil so far described in East Asia is C. asiatica (Krassilov) Meng et al., from the Early Cretaceous of China and the Russian Far-East . Kimura & Horiuchi (1978b) reported a new species C. nodensis from the Paleocene Minato Formation in northeast Honshu based on peculiar leaf shape and cuticular features. Since then, a number of specimens have been recorded until the Pleistocene.
During the Oligocene-Neogene time, the genus was recorded from the early Oligocene Kobe Group (Ohga, 1963) in western Honshu. Tanai & Onoe (1961) 
Thujopsis
Thujopsis is the genus currently indigenous to the Japanese Islands, which includes one species and two varieties. T. dolabrata is distributed in cool-temperate forests in Honshu, Shikoku, and Kyushu Islands of Japan, ranging from 250-2000 m in elevation (Hayashi, 1960) . It often becomes a major constituent of forest vegetation together with other cooler temperate elements like beech and deciduous oaks. One of two varieties of this species, T. dolabrata var. hondai, extends toward Hokkaido Island.
Fossils of this genus have been erroneously recorded in Europe (e.g., Mai, 1995) ; however, it was realized that they have been restricted only to East Asia (Manchester et al., 2009) . The earliest fossil record in Japan and probably in East Asia is Thujopsis miodolabrata Tanai & Suzuki, from the upperlower to lower-middle Miocene Yoshioka Formation in Hokkaido (Tanai & Suzuki, 1963) . The same species was subsequently recorded in several middle to late Miocene floras in northeast Honshu (Murai, 1962; Huzioka & Uemura, 1973) , and Hokkaido (this paper, Figs. 4O, 4P ), but those from the Korean Peninsula (Huzioka, 1972) are rejected here due to foliar arrangements. Uemura & Momohara (1991) recorded isolated seeds of the genus and compared them with the modern species in central Honshu, Japan. Fossil representatives of the genus have been associated with cool-to middletemperate forest vegetation (MNHF, MBDF and MBECF) and very rarely from a warm-temperate NBEF (Itahana flora: Ozaki, 1991).
Cephalotaxus
Five species of the genus Cephalotaxus (Family Cephalotaxaceae) exist in East Asia and northern India, one of which, C. harringtonia, represents a northerly species distributed in Japan, southern Korea, and middle-eastern China (Shaanxi, Hunan, and Sichuan Provinces). This species is distributed in cool-to warm-temperate forests in Honshu, Shikoku, and Kyushu Islands in Japan, ranging from approximately 10-1200 m in elevation (Hayashi, 1960) . One of the two varieties of this species favors much colder climatic conditions and extends farther north toward northern Hokkaido.
Fossil specimens of Cephalotaxus rarely have been recorded from the Cenozoic of East Asia. Some of them were erroneously identified to belong to this genus. Those recorded by Tanai & Onoe (1959) and Ina et al. (1985) from the lower Miocene of Japan were rejected here, due to characteristics of leaf margin and arrangement (LePage, 2011), respectively. One of the oldest records of this genus is from the middle Eocene of Jilin Province, China (Manchester et al., 2005) . Horiuchi & Uemura (2017) recently mentioned the occurrence of the genus in the Paleocene of northeast Honshu, Japan, though they were yet to be described and illustrated. Only three published records exist in Japan during the Oligocene and Neogene. Miki (1958) proposed a new species C. biumbonata based on four seed remains from the late-middle to early-late Miocene "Pinus trifolia bed" in Gifu Prefecture (Miki, 1958) . Huzioka (1963) subsequently described a leafy shoot from the early-middle Miocene Utto flora and named as C. akitaensis (Huzioka, 1963) . Isolated seeds also are recorded from the Plio-Pleistocene Kanzawa Formation of the Nakatsu Group in central Japan (Uemura & Momohara, 1991) . These floras, comparable with NBEF, were assumed to have developed in middle-to warm-temperate climatic conditions.
Discussion
4.1 Patterns observed in fossil records in Asian endemic conifer genera Fossil records of ten conifer genera in the Japanese Islands and Korean Peninsula clearly show that most of them have fossil records dating back to the early Oligocene or even much earlier. Cryptomeria and Cephalotaxus also have appeared in the Paleogene. The earliest fossil of Cryptomeria was recorded from the late Eocene of Kamchatka (Budantsev, 1997) . It expanded toward middle latitudes during the early Oligocene in Far East Russia (Klimova, 1975) and further south to Yunnan Province of south China (Ding et al., 2018) . Cephalotaxus was reported from the Eocene of northeast China (He & Tao, 1997) .
These ten genera, except for Keteleeria, can be traced toward the early to middle Pleistocene (Momohara, 2016) and four of them remained extant in Japan. The last macrofossil record of Keteleeria was from the late Pliocene in southern Kyushu (Hase, 1988; Yabe A, pers. obs.) , but the pollen grains of this genus also were recorded from the lateearly Pleistocene of Okinawa Island in Ryukyus (Fujiki & Ozawa, 2008) . Therefore, the occurrence of these genera, as well as distribution changes in Japan and Korea, ideally represent effect of changing climate and/or habitat conditions.
Only Keteleeria remains seem to have appeared at the early Oligocene in East Asia. Leaves and dispersed seeds from the Wakamatsuzawa and Kogeonweon floras are two of the oldest fossil records of this genus. Wakamatsuzawa flora contains various pinaceous conifers like Pinus, Tsuga, Pseudolarix, Larix, as well as Sciadopitys, few Cupressaceous conifers, and various deciduous hardwoods (Suzuki, 1974; . This trend was also recorded elsewhere in the Northern Hemisphere (LePage et al., 2005) . LePage et al. (2005) discussed that the difference in mycorrhizal types between pinaceous (ecto-mycorrhizal symbionts) and some cupressaceous (endo-mycorrhizal symbionts) conifers may have contributed to the differences in adaptation to cooler climates after climate deteriorations. Part of the fossil records in the middle latitudes of East Asia may also represent such a global effect, as well as ecological characteristic of each genus. Figure 5A shows estimated annual temperature changes during the Oligocene-Neogene based on leaf physiognomy of plant macrofossil assemblages in Japan (Tanai, 1992) , which basically follows the global trends (i.e., Zachos et al., 2001) . The early Oligocene is in the cooling trend that started from the middle Eocene with the coldest episode during the middle Oligocene. There are peaks of temperature at the latest Chattian and late Burdigalian-Langhian. The latter is called the "Mid Neogene Climatic Optimum" (Tsuchi, 1986) or the "midMiocene Climatic Optimum" (Zachos et al., 2001) and is characterized by northward expansion of NBEF until the northern end of Honshu. Mangrove vegetation appears to have developed several places in central and northern Honshu during this time period (Yamanoi et al., 1980; Saito et al., 1995; Yamanoi et al., 2008a Yamanoi et al., , 2008b Yamanoi et al., , 2010 . Most parts of northern Japan subsequently were drowned due to rapid transgression during the Langhian. A trend of climate cooling started at this time period, which continues to the end of Tortonian. Prior to the boundary between Messinian-Zanclean, the climate became warmer again, followed by a cooling trend toward the late Pliocene. The Mio-Pliocene occurrence of Cathaya in Central Japan with an abundance in the early Pliocene probably reflected the early Pliocene warm climate (Saito et al., 2000) . This is also supported by palynological studies in Hokkaido (Igarashi, 1997) . Gradual elimination of so-called "Tertiary relics" has been recognized since the late Pliocene in the Japanese Islands, which continue into the middle Pleistocene possibly due to changing climate, as well as topography (e.g., Momohara, 2016) .
Climate changes and possible effects on each genus
We observed distribution changes of nine conifer genera throughout the time studied (Fig. 5) . Three trends were recognized: 1) those distributed in diverse ranges of climatic conditions and subsequent southward reductions since the late Miocene (Fig. 5B-1) ; 2) those appeared to be influenced by climate changes (Fig. 5B-2) ; and 3) those without any of these trends (Fig. 5C ).
4.2.1 Metasequoia, Glyptostrobus, and Taiwania (Fig. 5B-1 ) Metasequoia and Glyptostrobus have diverse fossil records throughout the Paleogene and earlier half of the Neogene. They constituted ecological climax vegetation in riparian environments and have adapted to a diverse range of climatic conditions (LePage et al., 2005) . Taiwania also occurred in various forest types like the aforementioned genera. A continuous, southward distribution change of these three genera occurred since the Serravalian-Tortonian (Metasequoia and Glyptostrobus) and Late Tortonian (Taiwania) continued to the Messinian, which again shifted northward during the Pliocene. This might be due, at least in part, to geographic changes occurring during the late Miocene, when northern Honshu became an archipelago. Alternatively, western Japan was connected with the Korean Peninsula during that time. Only an isolated population of Taiwania was recorded in central part of Hokkaido (Tanai & Suzuki, 1965) , where large landmass was existed (Fig. 1C) . Effects of this geographic configuration to oceanic current and climate should be studied in detail.
4.2.2 Pseudolarix, Keteleeria, and Cunninghamia ( Fig. 5B-2) A trend of distribution changes in the genus Pseudolarix is apparently in parallel with the climate pattern during the Oligocene-Neogene with two peaks in the BurdigalianLanghian and Zanclean. That of the Keteleeria show almost same pattern, although differences were observed in the Mio-Pliocene fossil records. Wang et al. (2001) reported the increase of Keteleeria pollen grains in the sediments of Japan Sea-side of Central Honshu (paleo-latitude, ca. 38°) during the early Pliocene. Therefore, the genus also has second peak like in Pseudolarix. If we take Cunninghamia species from the earlymiddle Miocene of south Sakhalin (Fotojanova, 1988; Yabe & Yamakawa, 2017) into consideration, the distribution changes in this genus also follow a similar trend.
Both the extant Keteleeria and Pseudolarix species are adapted to middle-to warm-temperate climate conditions; however, it appears they have adapted to a much wider range of conditions during the Oligocene-Miocene time, as some of them are associated with the cooler temperate forest vegetation. The same is evident in Cunninghamia, where para-autochthonous assemblage (foliage shoots and seeds) was recorded in cooler temperate Shichiku flora (Yabe & Yamakawa, 2017) . The range of distribution appeared to have shrunk during the Langhian to Messinian, while it became diversified during the Pliocene. Appearance of different taxa of Cunninghamia have been suggested by Yabe & Yamakawa (2017) during the late Pliocene. Such speciation was not recorded in Pseudolarix but in Keteleeria during the early-late Miocene.
Trends of Sciadopitys and three other genera that remained in the Japanese Islands are discussed in the next section.
4.3 Trends in the endemic conifers remained extant in Japan Three conifer genera that are endemic to Japan and the one remained in the Japanese Islands and other parts of East Asia showed apparently different trends against other genera discussed above (Fig. 5C) . Thujopsis was first recorded from the early Miocene of southwest Hokkaido. The flora indicates a distinctly cooler temperate climate with an estimated annual temperature of 6°C (Tanai, 1991) . The genus again appeared during the late Miocene cooling period in central Honshu. During the Pliocene warmth, fossil representatives of the genus were recorded from southeast Hokkaido. The southern limit of its distribution is not well understood. Nevertheless, T. dolabrata fossils have been recorded from the interglacial Fig. 5 . Climate changes in the Oligocene-Neogene inferred from leaf margin analysis (Wolfe, 1979) of plant macrofossils in the Japanese Islands (A), modified from (Tanai, 1992) and changes in distribution of nine Asian endemic conifer genera (B, C). Paleo-latitudes of each fossil site was based on the paleogeographic map of Noda & Goto (2004) . Occurrence of each genus in the Japanese Islands (open square) and Korean Peninsula (black triangle); black rectangle, modern northern distribution limit. For Cunninghamia, the broken line was drawn based on the spread of this genus from the Russian Far-East. Forest types (after Wolfe, 1979) Fossil history of Asian endemic conifers in Japanperiods during the early to middle Pleistocene in central Kinki (Momohara, 2016) , where it was associated with Cryptomeria japonica, Sciadopitys verticillata, and Chamaecyparis obtusa. Therefore, this species is assumed to adapted to cooler-to middle-temperate climates like its modern counterpart. Fossil record from the Itahana flora seems exceptional. But, this fossil assemblage, consisting of over 1500 specimens, contains only one isolated leafy shoot of this genus (Ozaki, 1991) . Therefore, the specimen is considered as an allochthonous element derived from higher altitudes.
The occurrence of Cryptomeria shows opposite trends against other warm-adapted genera: Cryptomeria appeared to occur during declining temperature trends. The acme of Cryptomeria is recognized in the Tortonian stage. They were recorded in northern Honshu or Hokkaido, where associated forest vegetation corresponds to MNHF or MBDEF, MBDF, MBECF, which developed under cooler-to middle-temperate conditions. Northern distribution limits of the genus did not change much through time, and did not fit the trends of changing climate.
Sciadopitys macrofossils are relatively rare, but pollen grains of the genus revealed that it was one of the common fossil elements in the Miocene and Pliocene (Uemura, 1986) . Assuming that the macrofossil remains represent a proximity of source forest, Sciadopitys were more common in the Aquitanian forest in northern Honshu and South Korea, while in the Mio-Pliocene time, it was located in northern Honshu and mountainous regions in western Honshu and Kyushu. Forest types for these fossil assemblages were mostly MNHF and rarely MBDF. Fossil record from the marine Duho Formation clearly an allochthonous element possibly derived from cooler climate zonation. These three genera have similar ecological requirements to their modern counterparts, and often extend toward slightly colder conditions during the Neogene.
Only a few macrofossils have been recorded in the genus Cephalotaxus. Cephalotaxus akitaensis from the late Burdigalian Daijima-type Utto flora represents a NBEF, indicating a warm-temperate climate condition. The next record from the Tortonian stage came from a "Pinus trifolia bed" in central Honshu. This flora contained various temperate and subtropical elements and is also comparable to NBEF. The last occurrence of this genus was recorded from the late Pliocene Nakatsu Group of Central Japan. Uemura & Momohara (1991) inferred warm-temperate climate conditions. All these fossil records confirmed that the genus has ecological features comparable with extant species.
Phytogeographic implications
All the conifer genera treated in this study, except for Thujopsis, are considered to have been distributed over vast areas in the Northern Hemisphere in the earlier Cenozoic (Manchester et al., 2009 ). Many of their fossil representatives became restricted in Europe and East Asia by the Pliocene through continuous changes in climate and possibly topography. A drastic decrease in precipitation across Europe by the end of Pliocene, in conjunction with decreasing temperature (Mosbrugger et al., 2005) , appears to affect further shrinkage and extinction of these genera in western Eurasia (Ding et al., 2018) . On the contrary, East Asia was considered to have much precipitation, which contributed survival of many of paleoendemic elements in this region (Huang et al., 2015) . Japanese Islands are also considered to have much precipitation since all the known fossil assemblages indicate mesic conditions (Tanai, 1992) . Compiled data suggest that the distribution changes of some of these genera was influenced by temperature changes as discussed in the previous sections.
Fossil representatives of genera now native to Japan, with the exception of Cephalotaxus, were likely adapted to cool-to middle-temperate conditions, whereas the fossil representatives of genera that have become locally extinct from Japan appear to have been confined to relatively warmer conditions. Accordingly, differences in adaptation to colder climates should be at least one of the main key factors to decide whether or not they could survive on the Japanese islands during the Pleistocene glacial-interglacial cycles. On the other hand, those elements that became extinct from the Japanese Islands could have expanded west or southwest to the Eurasian continent when the connection between the Japanese islands and Eurasian continent became established again during the middle Miocene to late Pliocene. Chronology during which these elements came to reach the extant habitat areas should be tested based on detailed examination of taxonomy and phytogeographic data. We currently do not have enough fossil records for Cephalotaxus; however, it can be pointed that the extant species of this genus was first recorded from the lower Pleistocene of Kinki district (Momohara et al., 1990 ). The species is adapted to wide range of climatic conditions. Appearance of extant species by the early Quaternary may have contributed to its survival in the Japanese Islands as well as its expansion to the Eurasian continent.
Cyclic climate changes with warm-wet and cool-dry conditions have been recognized during the Pleistocene glacial-interglacial cycles in the Japanese Islands. Distribution changes of Cryptomeria, for example, have been discussed in relation to the extent of moist conditions (e.g., Tsukada, 1982) . Further studies on the effect of precipitation changes on the other genera during the Pleistocene are needed to infer their effects on their distribution under the Cenozoic climate changes.
